Background Dotinurad, a novel selective urate reabsorption inhibitor (SURI), increases urinary uric acid excretion. The aim of this study is to examine the pharmacokinetics, pharmacodynamics, and safety of dotinurad according to the type of hyperuricemia, with or without concomitant use of xanthine oxidase inhibitor, in uric acid "overproduction type" patients. Methods This open-label clinical pharmacology study was conducted in a hospital. Dotinurad 1 mg was administered for 7 days to hyperuricemic patients with uric acid "overproduction type" (overproduction group, n = 6; and combination group, n = 6) and uric acid "underexcretion type" (underexcretion group, n = 6). In the combination group, topiroxostat 80 mg was used concomitantly. Results No significant differences were observed in pharmacokinetics and safety between overproduction group and underexcretion group, and the percent change in serum uric acid level and the amount of urinary uric acid excretion after administration were comparable. In "overproduction type" patients of combination group, the percent change in serum uric acid level significantly increased and the amount of urinary uric acid excretion significantly decreased compared to those of overproduction group. No clinically meaningful differences were observed in safety between the overproduction group and the combination group. Conclusion In inpatients, differences in hyperuricemic type did not significantly influence the pharmacokinetics, pharmacodynamics, and safety of dotinurad. Moreover, in "overproduction type", the coadministration of dotinurad and topiroxostat had an add-on serum uric acid lowering effect and suppressed urinary uric acid excretion. Trial registration ClinicalTrials.gov Identifier: NCT02837198.
Introduction
Persistent hyperuricemia can lead to urate crystal deposition diseases such as gouty arthritis, urinary tract calculi and renal impairment [1] . Properly maintaining serum uric acid levels is important for the prevention of these diseases and can further lead to the protection of renal function and the reduction of cardiovascular disease risk [2, 3] .
Improving lifestyle is important in the treatment of hyperuricemia. It is however difficult to relieve the symptoms of patients with repeated gouty arthritis or with gouty tophus by merely improving lifestyle; hyperuricemic 1 3 treatment should thus be conducted to maintain serum uric acid levels ≤ 6.0 mg/dL [1] . Hyperuricemia is mainly classified into three types according to cause: uric acid overproduction "overproduction type"; decrease in uric acid excretion "underexcretion type"; and the combination of both "combined type". In Japan, prevalence of each is estimated to be 10%, 60%, and 30%, respectively [1] . Japanese guidelines for the management of hyperuricemia and gout recommend treating "underexcretion type" with uricosuric drugs (benzbromarone, probenecid) and "overproduction type" with xanthine oxidase inhibitors (XOIs) (allopurinol, febuxostat). For "overproduction type", the administration of uricosuric drugs is considered inappropriate because that increases the risk of urinary calculi [4] .
Dotinurad is a novel selective urate reabsorption inhibitor (SURI), that selectively inhibits urate transporter 1 (URAT 1). In non-clinical study, it was confirmed that the inhibition of uric acid reabsorption by administrating dotinurad results in the promotion of uric acid excretion into urine and the reduction of serum uric acid levels [5] . Since dotinurad promotes the excretion of uric acid into the urine, according to the Japanese management guidelines it would be primarily administered to "underexcretion type" patients. However, in the clinical setting, improvement in serum uric acid levels or relief of symptoms such as gouty attacks during pharmacotherapy may affect the patient's lifestyle, such as eating habits, and lead to a change in the hyperuricemic type [6] . This is probably because changes in body purine intake from diet, as well as changes in the total body pool resulting from treatment, affect changes in urinary urate excretion, one of the indices used for hyperuricemia classification. In addition, the possibility of dotinurad being administered to "overproduction type" patients cannot be ruled out, given that the fundamental principle of the Japanese management guidelines may sometimes not be observed in selecting drugs to avoid side effects [4] . Therefore, we considered it useful and necessary to examine the pharmacokinetics (PK), pharmacodynamics (PD), and safety of dotinurad in "overproduction type" patients.
Japanese management guidelines also report that concomitant therapy with XOIs and uricosuric drugs is effective [7, 8] , and these drugs can be used concomitantly in clinical settings. Dotinurad and an XOI may thus be used together clinically. Therefore, we considered the PK, PD, and safety investigations of the concomitant use of dotinurad and an XOI (topiroxostat) should be required.
Methods

Study design
This Japanese study was conducted as an open-label, 7-day, multiple dose clinical pharmacology study in hospitalized Japanese patients. Classification of hyperuricemia was conducted twice, once at screening and once on the day before initial administration (day − 1).
Patients who were deemed eligible for participation in this study at the screening examination were hospitalized and underwent hyperuricemia classification on day − 1. "Underexcretion type" patients were assigned to the underexcretion group. On the other hand, "overproduction type" patients were assigned to either the overproduction group or combination group. The patients in the overproduction and underexcretion groups were treated with dotinurad 1 mg; those in the combination group were treated with dotinurad 1 mg and topiroxostat 80 mg ( Fig. 1 ). Patients received study drugs for 7 days (days 1-7) once daily after breakfast. The health status of the patients who completed study drug administration was assessed for 2 days (days 8-9) after the final administration. During days 1-9, colchicine and citrate were concomitantly administered to prevent gouty attacks and urinary calculi. 
Protocol amendment
In the initial protocol of this study, the patients were hospitalized for 4 days before initial administration and had low purine intake based on the Japanese management guidelines. However, during the hospitalization period until the initial administration, the meals and living environment were very different from the usual lifestyle pattern of these patients. Therefore, the hyperuricemic type on day − 1 changed from that reported at screening, and none of "overproduction type" patients could participate in this study. We thus modified the protocol (i.e., the hospitalization period before initial administration was reduced to 1 day). Although six "underexcretion type" patients had already completed administration using the initial protocol, we decided that the study should be conducted again in all groups using the modified protocol because all groups required evaluation under the same conditions, based on the study aims. "Underexcretion type" patients who had completed administration before the protocol amendment were not used in the analyses of this study because the protocol differed from that of the other patients, and their results are shown as the 'reference group' in a supplement.
Inclusion and exclusion criteria
The main inclusion criteria of this study are described below.
Patients with serum uric acid levels ≥ 7.0 mg/dL at screening examination and on day − 1; patients who were classified as "overproduction type" or "underexcretion type"; and male patients aged at least 20 years.
The main exclusion criteria are described below.
Patients with a history of surgery involving the digestive organs (e.g., the gastrointestinal tract, liver, gallbladder, bile duct, pancreas) or kidney, excluding surgery not affecting drug absorption (e.g. cecum and hemorrhoid surgery); patients who changed the dosage of drugs or used drugs that may affect serum uric acid levels in the 14 days between the screening examination and initial administration; patients with a history of allergy (including hypersensitivity) to topiroxostat, the combination of potassium citrate and sodium citrate hydrate, or colchicine; patients with a history of urinary calculus or patients with a urinary calculus observed on abdominal ultrasonography or simple abdominal X-ray examinations at the screening examination; patients with an eGFR < 30 mL/min/1.73 m 2 at the screening examination; patients who consumed alcohol after the day prior to admission; patients who consumed grapefruit or substances containing grapefruit within 7 days before the day of admission; patients who consumed Hypericum perforatum (St. John wort) or substances containing Hypericum perforatum within the 4 weeks before admission; patients who had previously participated in clinical trials of dotinurad and received administration of the study drug; patients otherwise judged to be unsuitable for participation in this study by the principal investigator.
Blood and urine sample collection
Plasma samples were collected 25 times for PK measurements. Blood samples were obtained at the following times: on days 1 and 7, before administration and 0.5, 1, 2, 3, 4, 6, 8, and 12 h after administration; on days 2-6, before administration; on days 8 and 9, 24 and 48 h after the final administration. Serum samples were collected 28 times for PD measurements. Blood samples were obtained at the following times: on days 1, 4, and 7, before administration and 1, 2, 4, 8, and 12 h after administration; on days 2, 3, 5, and 6, before administration and 12 h after administration; on days 8 and 9, 24 and 48 h after the final administration. Urine samples were collected at the following times: on day − 1, between 24 h before initial administration and just before initial administration; on days 1-7, between 0 and 24 h after administration each day; on day 8, between 24 and 48 h after the final administration.
Classification of hyperuricemia
Hyperuricemia was classified into the following four types based on uric acid measurement in the 60-min urine collection at screening and on day − 1 [4] : (1) uric acid overproduction type, urinary excretion of uric acid (E UA ) > 0.51 mg/kg/h and uric acid clearance (C UA ) ≥ 7.3 mL/min/1.73 m 2 ; (2) uric acid underexcretion type, E UA < 0.48 or C UA < 7.3; (3) combined type, E UA > 0.51 and C UA < 7.3; and (4) normal type, 0.48 ≤ E UA ≤ 0.51 and C UA ≥ 7.3. Patients classified as combined type and normal type were excluded from this study.
Analytical methods
The dotinurad concentration in the plasma was measured using liquid chromatography-tandem mass spectrometry (LC-MS/MS) at the research institute, Fuji Yakuhin Co., Ltd.
The Agilent 1100 series HPLC system (Agilent Technologies, USA) was used for the liquid chromatography; API3000 (AB SCIEX, USA) was used for the mass spectrometry; and Inertsil ODS-3 (150 mm × 2.1 mm, 3 μm, GL Sciences Inc., Japan) was used for the analysis column. Dotinurad concentrations were measured using 5 mmol/L ammonium acetate solution (pH 4.0)/methanol (50:50) in the mobile phase.
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The lower limit of quantification was 1 ng/mL for measurement of dotinurad concentration in plasma.
Uric acid concentrations in serum and urine were measured by the enzyme method at the clinical trial institution.
Pharmacokinetic analyses
The PK parameters of dotinurad were calculated by the non-compartmental model using WinNonlin V6.4. The main PK parameters used for the PK evaluation were as follows: maximum plasma concentration (C max ), time to reach the peak plasma concentration (T max ), elimination half-life (T 1/2 ), area under the plasma concentration-time curve from time zero to infinity (AUC 0-inf ), elimination rate constant (kel), distribution volume/fraction of dose absorbed (Vd/F), total clearance/fraction of dose absorbed (CL tot /F), and mean residence time from zero to infinity (MRT 0-inf ). The AUC was calculated using the linear trapezoidal method by selecting linear trapezoidal linear interpolation as the WinNonlin calculation method.
Pharmacodynamic analyses
The PD parameters were as follows: delta maximum effective concentration (ΔEC max ), delta area under the serum concentration-time curve (ΔAUEC 0-24 ), maximum reduction rate, amount of uric acid excreted in urine from time zero to 24 h (Ae 0-24 ), renal clearance from time zero to 24 h (CL R0-24 ), and fractional uric acid excretion from time zero to 24 h (FE 0-24 ). ΔAUEC 0-24 was calculated from AUEC -24-0 and AUEC 0-24 . AUEC -24-0 was calculated by extrapolating the serum uric acid level before initial administration on the day of initial administration to 24 h before initial administration. FE 0-24 was calculated by correcting CL R0-24 using creatinine clearance.
Safety evaluations
Adverse events (AEs), adverse drug reactions (ADRs), and safety assessments were conducted by principle investigators based on clinical laboratory test values (including Ccr), vital signs, and 12-lead electrocardiography. AEs were classified according to the system organ class and preferred term (MedDRA/J ver. 20.0; Japanese Maintenance Organization, Tokyo, Japan) and were evaluated in terms of their potential causality with the study drug, severity, and seriousness. AEs for which a causal relationship with the study drug could not be ruled out by the investigator were considered to be ADRs.
Statistical analyses
The number of subjects per group was determined to be six as minimum required one to evaluate pharmacokinetics and pharmacodynamics.
Statistical analyses were performed using SAS system version 9.2 (SAS Institute, Cary, NC, USA). For comparisons between groups, the Dunnett multiple comparison test was used with a two-sided significance level of 5%. Dunnett multiple comparison was performed for the underexcretion group and the combination group by setting the overproduction group as the standard. Paired t-tests were performed to compare measurements before and after administration.
Differences in hyperuricemic types were compared in the overproduction group and underexcretion group. Conversely, a comparison between "overproduction type" patients with/ without coadministration of topiroxostat was conducted in the overproduction group and the combination group, where dotinurad monotherapy was administered in the overproduction group and concomitant therapy with dotinurad and topiroxostat was administered in the combination group.
Results
Subjects
Informed consent for this study was obtained from 381 patients. After screening, 284 patients were excluded and 97 patients were hospitalized. Of the 97 patients, 73 were excluded. The main reason for exclusion was the hyperuricemic type at screening or day − 1. Finally, study drugs were administered to 24 hyperuricemic patients (six patients in each group). Of the 24 treated patients, one patient (reference group) discontinued the study (Fig. 2) . The discontinued patient met the prespecified discontinuation criteria (the urinary uric acid excretion increased by ≥ 15% from day 1 of administration). No differences in characteristics of patients were observed among all groups (Table 1) .
Pharmacokinetics
PK of dotinurad in the overproduction and underexcretion groups
In the overproduction and underexcretion groups, the mean plasma dotinurad concentrations at all timepoints on day 1 were comparable (Fig. 3 ). In these groups, all PK parameters (C max , T max , T 1/2 , AUC 0-inf , CL tot /F, kel, Vd/F, and MRT 0-inf ) were comparable ( Table 2) .
PK of dotinurad in the combination group
In the combination group, the mean plasma dotinurad concentrations were not affected by topiroxostat at all timepoint on day 1 compared with those of the overproduction group (Fig. 3 ). All PK parameters of dotinurad with/without coadministration of topiroxostat were also comparable ( Table 2 ).
Pharmacodynamics
Serum uric acid in the overproduction and underexcretion groups
The percent change in serum uric acid level after the initial administration of dotinurad increased in a similar manner in both the overproduction group and the underexcretion group (Fig. 4) . Additionally, the ΔEC max and maximum reduction rates were comparable in both groups (Table 3) . Regarding the ΔAUEC 0-24 on days 1, 4, and 7, no significant differences were observed at all timepoints in both groups.
Urinary uric acid in the overproduction and underexcretion groups
In the overproduction and underexcretion groups, Ae 0-24 fluctuated in a similar manner (Fig. 5 , Table 4 ). Ae 0-24 on day − 1 of both groups were 673.40 and 516.25 mg, and on day 1 increased to 1289.33 and 1132.30 mg, respectively. In contrast, on day 2, those decreased to 951.45 and 882.17 mg, respectively. From day 4, these fluctuations were comparable degree in both groups. Comparison of uric acid clearance (CL R0-24 ) on days 1, 4, and 7 in both groups, no significant differences were observed at all timepoints. Furthermore, regarding FE 0-24 on days 4 and 7, no significant differences were observed at all timepoints.
Serum uric acid in the combination group
In the combination group, the percent change in serum uric acid level increased at all timepoints compared to those of the overproduction group (Fig. 4) . Furthermore, the ΔEC max and maximum reduction rate were higher than those of the overproduction group. When comparing the ΔAUEC 0-24 of the combination group to those of the overproduction group, significant differences were observed at all timepoints ( Table 3) . 
Urinary uric acid in the combination group
The fluctuation of Ae 0-24 in the combination group was similar to those in the overproduction group (Fig. 5 , Table 4 ). At all timepoints, Ae 0-24 in the combination group were lower than those in the overproduction group. Regarding uric acid clearance (CL R0-24 ) and FE 0-24 , no significant differences were observed between the overproduction group and the combination group, at all timepoints.
Safety
The AE incidence rates were 33.3% (two patients, eight events) in the underexcretion group, 16.7% (one patient, one events) in the combination group, and none in the overproduction group (Table 5 ). An ADR was observed in one patient (alanine aminotransferase increased) in the combination group. The severity of the ADR was mild, and the patient recovered without treatment. No serious adverse event was observed in any group.
Discussion
Difference of hyperuricemic types
This study showed no differences in the PK of dotinurad between the overproduction and underexcretion groups.
Regarding PD, serum uric acid lowering effects were comparable and the time-course of Ae 0-24 was similar in both groups. Moreover, when dotinurad was administered continuously, the Ae 0-24 in both groups indicated comparable levels. There were no clinically meaningful differences in safety between patients with these hyperuricemic types.
We considered that it was necessary to investigate what degree urinary uric acid excretion changes when dotinurad is administered repeatedly in "overproduction type" patients, as the drug promotes uric acid excretion into urine. From our study results, "overproduction type" patients in whom urinary uric acid excretion increases continuously were not observed, and the urinary uric acid excretion temporarily increased but later decreased. This was similar to fluctuations of urinary uric acid excretion found in "underexcretion type" patients. Furthermore, continuous administration of dotinurad results in the comparable amount of urinary uric acid excretion in both type patients. Therefore, we conjectured that the risk of urinary calculus with dotinurad may not be substantially different between these two types.
Coadministration of XOI (topiroxostat)
In "overproduction type" patients, we found that concomitant administration of dotinurad and topiroxostat showed an add-on serum uric acid lowering effect and suppression of urinary uric acid excretion, compared to the administration of dotinurad monotherapy. We hypothesize that the concomitant use of topiroxostat reduced the amount of uric acid production in the body, thereby suppressing urinary uric acid excretion. No clinically meaningful differences in safety were observed between dotinurad monotherapy and concomitant therapy with topiroxostat. In this study, with patient lifestyle controlled under hospitalization, all patients classified as the "overproduction type" at screening had changed to other hyperuricemic type by day − 1, even though dotinurad had not been administered. Most of these patients changed to "underexcretion type" (Table 6 ). Conversely, changes in hyperuricemic type were rarely observed in "underexcretion type" patients (Table 7) . Therefore, most of the patients classified as "overproduction type" may have fallen into temporary overproduction condition of uric acid due to the effects of environmental factors (e.g. excessive intake of purines or calories, or alcohol consumption). We can therefore speculate that only a few "overproduction type" patients are classified as such due to intrinsic factors, and most are apparent "overproduction type" due to environmental factors associated with their individual lifestyle.
From the above, concomitant therapy with dotinurad and XOI appears to be a reasonable treatment. In Japan, although the primary cause for hyperuricemia is considered to be decreased uric acid excretion, the findings obtained in this study suggest that many "underexcretion type" patients exhibit temporary overproduction characteristics due to lifestyle-associated environmental factors. In this study, most of the patients classified as "overproduction type" changed to "underexcretion type" when lifestyle was controlled. In considering the disposition of uric acid in many Japanese people with hyperuricemia, suppressing uric acid production while simultaneously promoting uric acid excretion in urine may be a reasonable treatment method.
This was the first study to administer dotinurad to "overproduction type" patients; thus, it was conducted as a 7-day, multiple-dose study under conditions of hospitalization where meal and lifestyle environments were strictly controlled. In the future, however, long-term clinical studies must be conducted in outpatients to generalize the results obtained in this study. 
